Resonance transmission in a three-level ⌳-type system of the rubidium D1 line is controlled by adjusting the linewidth of the pumping ͑coupling͒ laser. With the change of pumping-laser linewidth from several MHz to about 100 MHz, the absorption reduction degrades from about 70% to less than 15%. The experimentally measured results are in good agreement with a simple theoretical calculation. ͓S1050-2947͑97͒09007-0͔
I. INTRODUCTION
In recent years, much theoretical and experimental work has been focused on the phenomena related to atomic coherence, such as coherent population trapping ͑CPT͒ ͓1-4͔ and electromagnetically induced transparency ͑EIT͒ ͓5-7͔. These effects are caused by the population trapped states formed by the atomic coherence due to coherent coupling of different atomic states. The EIT phenomena, which have applications in achieving lasing without inversion ͑LWI͒ ͓8͔ and in enhancing efficiencies in nonlinear optical processes ͓9,10͔, were demonstrated recently in both ladder-type and ⌳-type three-level atomic systems by using continuous diode lasers as both the pumping and the probe beams in two-photon Doppler-free configurations ͓6,7͔. A simple theoretical treatment of the EIT effect in a three-level Doppler-broadened medium was developed, which gives quite clear physical explanations to the experimental results including the absorption reduction ͓6,7͔, dispersion properties ͓11͔, and hyperfine spectroscopy ͓12͔. Quantitative comparisons between experimental results and the simple theoretical calculations are impressive in these previous studies. However, there are still many interesting aspects in these multilevel atomic systems interacting with laser fields that need to be studied for a full understanding of the EIT effect and its applications. For example, although the exact formulas for the influence of laser linewidths on the EIT effect were calculated ͓6͔, to our knowledge, there has been no report on the experimental demonstration of such a phenomenon. These linewidths effects are important for the understanding and applications of the EIT in enhancing nonlinear optical processes ͓10͔, spectroscopy ͓12͔, and phase noise correlation in multilevel systems ͓13͔.
In this paper, we report the experimental measurements of absorption of a weak probe laser beam passing through a rubidium vapor cell in a three-level ⌳-type system while the pumping ͑coupling͒ laser linewidth is varied from several MHz to about 100 MHz. The experimental results are in good agreement with theoretical calculations, which provides direct evidence of the influence of the laser linewidth on the EIT process.
II. THEORETICAL TREATMENT
It is well known that for a three-level ⌳-type system, the two-photon transition is almost Doppler free, provided the pumping laser beam and the probe laser beam have nearly the same wavelength and propagate colinearly through the atomic vapor cell. The Doppler shifts of the probe laser and the pumping laser for the same group of atoms with velocity v are canceled in the first order. The steady-state solution of the density matrix equations can be easily obtained with the assumptions that the strong pumping laser will pump almost all the population from one of the lower states ͑for the pumping laser͒ to the other lower state ͑for the weak probe laser͒ and that the velocity distribution of the atomic vapor is Maxwellian. The linear susceptibility of the atomic system for the weak probe beam can then be written in the following compact form ͓6,7͔:
with the argument zϭ c u p
where erf(z) is the error function with a complex argument z, detunings ⌬ 1 and ⌬ 2 are defined as the nominal detunings for an atom at rest, u/ͱ2 is the root-mean-square atomic velocity, 2បg 12 is the dipole moment matrix element for the probe transition, and ⍀ c is the Rabi frequency of the pumping field. ⌫ 31 is the dephasing rate for the two lower levels of the ⌳-type system. ␥ϵ 1 2 ͓⌫ 21 ϩ⌫ 23 ϩ⌫ 31 ͔, where ⌫ 21 and ⌫ 23 are decay rates from the upper state to the two lower states, respectively. N 0 refers to the number of the atoms per unit volume, and p is the angular frequency of the probe laser. The real and imaginary parts of the susceptibility lead to the dispersion and absorption characteristics of the atomic medium in the usual way; i.e., the intensity absorption coefficient is given by ␣ϭ p n 0 Љ/c, where n 0 is the background index of refraction. At the center of the absorption curve and for a perfectly tuned pumping laser (⌬ 1 ϭ⌬ 2 ϭ0), the absorption coefficient ␣ is reduced by a factor given by The above formula must be modified if the finite laser linewidths are taken into consideration. To do this, one only needs to change the effective decay rates as follows:
if the line shapes of the lasers can be considered to be Lorentzian. Here 2␥ p and 2␥ c are the full linewidths ͓full widths at half maximum ͑FWHM͔͒ of the probe and the pumping lasers, respectively. After this substitution, a large reduction in absorption will take place only when
holds only when Eq. ͑5͒ is satisfied. From Eqs. ͑1͒ and ͑4͒, one can see that the absorption reduction will change as a function of the linewidths ␥ p and ␥ c . In the following, we will describe an experiment where we keep the probe laser linewidth unchanged and vary only the pumping laser linewidth. The absorption reduction of the probe field is measured as a function of the pumping laser linewidth.
III. EXPERIMENT AND DISCUSSION
The experimental arrangement is shown in Fig. 1 . Both the pumping and probe lasers are Hitachi HL7851G type laser diodes that are temperature stabilized and current stabilized and can be tuned to, in the free-running conditions, the D1 lines of rubidium atoms. The free-running linewidths of these two lasers are about 5 MHz in a ms time scale. After being polarized by a polarization beam splitter cube, the two laser beams pass through the 5-cm-long rubidium vapor cell ͑which is kept at room temperature͒ with orthogonal polarization directions. Only the weak probe beam is monitored by the detector. The laser beams are focused onto the atomic vapor cell by a f ϭ10 cm lens. The pumping beam size is larger than the probe beam size throughout the cell. The ⌳-type system consists of three levels of 87 Rb atoms with the two fine-structure levels (Fϭ1 and Fϭ2) of the 5S 1/2 states as the two lower states and one level (FЈϭ2) of the 5 P 1/2 states as the upper state. The pumping laser is on resonance with the transition from 5S 1/2 (Fϭ2) to 5P 1/2 (FЈϭ2), while the probe laser is scanned across the transition from 5S 1/2 (Fϭ1) to 5 P 1/2 (FЈϭ2). In this experiment the linewidth of the pumping laser is controlled by an external noise generator connected to its current driver. A fixed-band ͑about 10 MHz͒ white noise from the function generator ͑Stanford Research DS345͒ is applied to the pumping laser diode through a coupling capacitor which introduces fluctuations in the driving current of the laser diode. The laser linewidth is increased continuously from several MHz to over 100 MHz with the increase of the noise amplitude from the function generator ͓14͔. A small amplitude modulation to the laser intensity in this technique has no significant effect on our experimental results. The variable linewidth of the pumping laser was verified by a F-P spectrum analyzer and by measuring the beating signal between the pumping laser and another diode laser of the same type. We found that the spectral line shape of the pumping laser is not an ideal Lorentzian when the externally added noise amplitude is large as in our experiment. It becomes a mixture of the Gaussian and Lorentzian shapes when the broadened linewidth is much larger than the free-running linewidth ͑about 2ϫ5 MHz͒, which has been predicted by an earlier theoretical treatment ͓15͔ and experimentally, studied in detail by us ͓14͔. Figure 2 shows our results of absorption reduction with different pumping laser linewidths for a strong pumping power ͑26.6 mW͒ and a weak probe power ͑about 18.4 W͒. The dip in the center of the absorption profile corresponds to the absorption inhibition under the EIT condition. Note that, with the increase of the linewidth of the pumping laser, the dip becomes smaller and wider, which indicates that the EIT effect is degraded successively. The small increase in the total absorption from Fig. 2͑a͒ to Fig. 2͑d͒ is caused by the increase in optical pumping as the linewidth of the pumping laser gets broader. In order to explain this result with the existing theory, we need to know the Rabi frequency ⍀ c of the pumping laser. This parameter can be determined by using Eq. ͑1͒ to simulate the experimental results. In the curve-fitting process, ⍀ c is the only adjustable parameter. Figure 3͑a͒ represents a typical fit of the experimental curve with a 26.6-mW pumping power and a theoretical curve with ⍀ c ϭ2ϫ122 MHz. For the comparison between the experimental results and the theoretical calculations, we have defined the absorption reduction factor as the ratio of the EIT dip depth to the height of an adjacent shoulder in the absorption profile. The Rabi frequency ⍀ c for other pumping powers can be calculated in the same fitting method. The solid curve in Fig. 3͑b͒ is the measured absorption spectrum when the pumping power is about 26.6 mW and the pumping linewidth ͑FWHM͒ is about 2ϫ82 MHz. The dotted line represents the theoretical curve calculated using the same parameters as in Fig. 3͑a͒ except the linewidth ␥ c . The two curves fit pretty well and show that the dip width is about the same as the linewidth of the pumping laser. This result has a direct physical meaning. As the linewidth of the pumping laser increases, only the resonant frequency component contributes to the EIT effect. The resonant bandwidth should be about the same as the linewidth of the probe laser (2␥ p Ϸ2ϫ5 MHz͒. Therefore, as the effective Rabi frequency ⍀ c e decreases, the EIT dip becomes smaller. Roughly speaking, ⍀ c e Ϸ⍀ c ͱ␥ p /␥ c . For the parameters used in Fig. 3͑b͒ , ⍀ c e Ϸ2ϫ30 MHz. If one uses ⍀ c e to calculate the depth of the EIT dip while keeping the ␥ c to be its free-running value (2␥ c Ϸ2ϫ5 MHz͒, the achieved absorption reduction reduces to about 13%, which is in good agreement with the measured value in Fig. 3͑b͒ . On the other hand, when the pumping laser linewidth is broadened, the frequency range within which the pumping laser can be on resonance with the probe laser for the EIT condition to be met also increases, and so the EIT dip appears wider. Thus the linewidth of the pumping laser plays an important role in the EIT process.
In Fig. 4 , we display the variation of the absorption reduction while changing the pumping laser linewidth and keeping the pumping power at a constant value ͑about 12 mW͒. Clearly, the absorption at the line center increases with the increase of ␥ c and the experimental data indeed keep the same tendency as the theoretical curve falls within the experimental errors. The discrepancies between the experimental data and the theoretical curve are mainly due to the following reasons: ͑1͒ There is a certain uncertainty in determining the Rabi frequency ⍀ c by the curve fitting. The output beam profiles of the diode lasers are not Gaussian shapes, but elliptical ones. The beam size is very small near the waist, and so the mode matching between the pumping and probe beams is not perfect. Also, at each position along the atomic cell, the effective Rabi frequency is different and the Gaussian beam profiles of the lasers have not been taken into account in the theoretical treatment. ͑2͒ As we mentioned earlier, the spectral line shape of the pumping laser is not an ideal Lorentzian. Thus the experimental data deviate from the predictions of Eq. ͑1͒ where Lorentzian line shapes for both the pumping and probe lasers are assumed.
As is well known, a strong pumping beam is needed to achieve a significant absorption reduction in the three-level ⌳-type system. Theoretically, the absorption reduction factor increases with the pumping power as shown by the solid line in Fig. 5 . This curve is calculated using the parameters that are in agreement with the ones used in our experiment. This power-dependence effect in EIT is verified experimentally. The pumping and probe laser linewidths are both kept at their free-running values. The EIT dip is adjusted to its maximum value, which corresponds to the ideal resonant case ͑with ⌬ 1 ϭ⌬ 2 ϭ0). The pumping power is then changed step by step. The scattered points with error bars are experimental values which are in qualitative agreement with the theoretical curve. For lower pumping power, the signal is pretty small and the discrepancy is relatively large. When the pumping power exceeds 15 mW, experimental points are obviously lower than the theoretical curve and increase very slowly with the increase of the pumping power. It seems that some kind of unaccounted saturation effect occurs in this power range. This might have something to do with the nonlinear effect in the atomic vapor medium and needs to be studied in the future work.
IV. CONCLUSION
In summary, we have observed the variation of absorption reduction in an EIT medium pumped by a diode laser with a variable linewidth. The experimental results confirmed that the absorption inhibition in an EIT system is limited by the linewidths of the laser sources. The linewidth dependence of the atomic coherence effect has a significant implication in the applications of the EIT effect in other experiments, such as lasing without inversion, nonlinear optics, and hyperfine spectroscopy. For example, when a spectral-line-broadened diode laser was used as an incoherent pumping source for demonstrating the LWI, one natural question would be how broad the laser linewidth has to be before one can consider it to be an ''incoherent'' light source. We believe that our results and future work in such a direction will be helpful in answering such questions.
